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An instructive role of donor macrophages in mixed
chimeras in the induction of recipient CD4*Foxp3*

Treg cells

Guangwei Liu, Kaizhong Duan, Haixia Ma, Zeqing Niu, Jianxia Peng and Yong Zhao

The immune regulatory function of macrophages (Mgs) in mixed chimeras has not been determined. In the present study, with
a multi-lineage B6-to-BALB/c mixed chimeric model, we examined the ability of donor-derived splenic Mgs in the induction of
regulatory T cells (Treg). B6 splenic Mgs from mixed chimeras induced significantly less cell proliferation, more IL-10 and TGF-
B, and less IL-2 and IFN-y productions of CD4* T cells from BALB/c mice than naive B6 Mgs did, whereas they showed similar
stimulatory activity to the third part C3H CD4* T cells. Importantly, highly purified donor F4/80*CD11c~ Mgs efficiently induced
recipient CD4+Foxp3* Treg cells from CD4*CD25 Foxp3~ T cells. Furthermore, donor Mgs of mixed chimeras produced more
IL-10 and less IFN-y than those of naive mice when cultured with BALB/c but not the third party C3H CD4* T cells. Induction
of recipient CD4* Treg cells by donor Mgs was significantly blocked by anti-IL-10, but not by anti-TGF-p mAb. Therefore, donor
Mgs have the ability to induce recipient CD4*Foxp3™* Treg cells in a donor antigen-specific manner, at least partially, via an IL-
10-dependent pathway. This study for the first time showed that, in mixed allogeneic chimeras, donor Mgs could be specifically
tolerant to recipients and gained the ability to induce recipient but not the third party Foxp3* Treg cells. Whether this approach
is involved in transplant immune tolerance needs to be determined.
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Mononuclear phagocytes, an important part of innate immunity,
have pivotal roles in pathogen and tissue debris clearance, antigen
capture and presentation, as well as in shaping the development
of adaptive immune response. Resident macrophage (Mg) popula-
tions in different organs adapt to their local microenvironments,' so
that they display a wide diversity in terms of their function
and morphology.? The heterogeneity of Mgs may be important
for the diversity, flexibility and validity of innate and adaptive
immunity to all kinds of stimulus.> Recently, Mos have been impli-
cated in suppression of autoreactive T cells and in controlling CD4" T-
cell hyporesponsiveness, indicating that Megs may also have an
active role in inducing/maintaining immune tolerance toward
self-antigens.*

Studies have shown that Mgs, which were differentiated from
myeloid precursors, are involved in the acute and chronic rejection
of allografts or xenografts.” In mixed allogeneic chimeric mouse
models, donor and recipient T, B and NK cells are well defined to be
tolerant to both recipient and donor antigens.'® Donor antigen-
presenting cells including Mgs are closely involved in the negative
selection of alloreactive T cells in the thymus to achieve T-cell

tolerance to alloantigens in these models.!® Recently, regulatory
CD4*CD25" T cells (Treg) expressing a unique transcription factor
Foxp3 have been demonstrated to have an important role in control
immune response or tolerance to self-antigens, tumor antigens,
transplant antigens or pathogens.!!!2 It has been reported that certain
subset or stage of Mgs or dendritic cells (DCs) have the potential
ability to induce CD4*CD25" Treg cells or mediate immune tolerance
induction.!> Megs in mixed chimeras showed normal immunity
including phagocytosis and antigen-presenting ability.'* However,
whether donor Mgs in mixed chimeras have the ability to induce
Treg cells in periphery has not been addressed. Our present study
showed that donor C57BL/6 (B6) splenic M@s from mixed chimeras
have the ability to induce antigen-specific CD4*Foxp3* Treg cells from
CD4*CD25 Foxp3~ T effector cells of naive BALB/c mice but not
from the third party CD4*CD25 Foxp3~ T effector cells, at least
partially, via an IL-10-dependent pathway. Thus, Me@s in mixed
chimeras were tolerant to donor and host antigens as evidenced by
induction of CD4*Foxp3™ Treg cells in an unknown antigen-specific
manner. The present study offers evidence for the specific tolerance of
Mags. Whether the gained ability of Mes to induce CD4*Foxp3™* Treg

Transplantation Biology Research Division, State Key Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zoology, Chinese Academy of Sciences,

Beijing, China

Correspondence: Dr Y Zhao, Transplantation Biology Research Division, State Key Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zoology, Chinese

Academy of Sciences, Beichen Xi Road 1-5, Beijing 100101, China.
E-mail: zhaoy@ioz.ac.cn

Received 28 November 2010; revised 21 June 2011; accepted 23 June 2011; published online 16 August 2011


http://dx.doi.org/10.1038/icb.2011.65
mailto:zhaoy@ioz.ac.cn
http://www.nature.com/icb

Tregs induced by macrophages in chimeras
G Liu et al

828

cells is involved in transplant immune tolerance and possibly also in
self-tolerance, requires to be determined.

RESULTS

Decreased immunogenicity of donor B6 Mgs from B6-to-BALB/c
mixed chimeras to CD4* T cells from naive BALB/c recipients not
the third party C3H mice

The phenotype of B6 F4/80* splenic Mgs in B6-to-BALB/c mixed
chimeras was detected by flow cytometry (FCM) at about 10 weeks
after bone marrow transplantation. Significantly, less percentages of
donor B6 F4/80"Mgs separated from chimeras express MHC 11, CD86
and CD40, compared with those from naive B6 mice (Supplementary
Figure 1). However, identical levels of MHC II, CD80, CD86, CD40,
CD54 and CD23 expressions on B6 F4/80"Mgs were observed after
lipopolysaccharide stimulation in vitro, regardless they were separated
from mixed chimeras and B6 mice (Supplementary Figure 1).

We first determined the stimulatory activities of donor Mags
prepared from mixed chimeric mice in vitro. As expected, B6 Mas
efficiently stimulated the proliferation of C3H CD4* T cells as assayed
by *H-TdR incorporation, regardless of whether they were separated
from control or mixed chimeric mice (Figure 1A). However, B6 Mos
from mixed chimeras induced significantly lower proliferation of
CD4" T cells from naive BALB/c mice compared with those Mos
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Figure 1 Markedly reduced immunogenicity to recipient CD4+ T cells of
donor splenic Mgs separated from mixed chimeras. (A) The purity of donor
B6 splenic Mgs before and after MACS separation. (a) Adhesive cells before
separation. (b) Purified donor splenic Mgs after MACS separation. More than
90% of cells were H-2DP*and F4/80*. (B) Donor B6 splenic Mgs separated
from B6-to-BALB/c mixed chimeras showed significantly reduced stimulating
ability to CD4* T cells from either naive recipient BALB/c, but not the
third party C3H mice, when assayed by 3H-thymidine incorporation in vitro.
(C) Donor B6 splenic Mgs from mixed chimera induced significantly lower
proliferation of CD4* T cells from naive recipient BALB/c mice than B6
splenic Mgs among different ratios between Mgs and CD4+ T cells.
**P<0.01 and ***P<0.001 between the indicated groups. Seven mice
in each group were done. Data are shown as mean £s.d. One representative
of three independent experiments with similar results was shown.
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from naive control B6 mice, suggesting a reduced ability to efficiently
trigger the proliferation of recipient BALB/c but not the third party
C3H CD4" T cells (Figure 1A). The decreased proliferation of CD4" T
cells from naive BALB/c mice induced by B6 Mes from mixed
chimeras was consistently observed in different ratios between B6
F4/80*Mgs stimulators and BALB/c T-cell responders (Figure 1B). On
the other hand, recipient BALB/c Mgs separated from mixed chimeras
showed markedly decreased immunogenicity to T cells of naive donor
B6 mice, but not to the third party C3H mouse T cells compared with
BALB/c Mgs from naive mice (data not shown). Thus, Mgs from
mixed chimeras showed somewhat tolerant characteristics to both
donor and host antigens in an antigen-specific manner as indicated by
the decreased ability to promote T-cell response.

Recipient CD4* Treg cells could be induced efficiently by

donor Mes of mixed chimeras

We next investigated whether Mgs separated from mixed chimera have
the ability to induce Treg cells. As shown in Figure 2, after co-culture
with B6 splenic Mos separated from B6-to-BALB/c mixed chimeras,
CD4* T cells of naive BALB/c mice significantly inhibited the BALB/c
CDA4* T-cell proliferation induced by allogeneic B6 antigens in a dose-
dependent manner in vitro (Figures 2a and b), whereas BALB/c CD4*
T cells pre-stimulated with normal B6 Mes did not show detectable
immunosuppressive functions. The third party C3H CD4* T cells
stimulated with B6 Mgs from either naive B6 or mixed chimeras did
not have detectable inhibitory effects on C3H CD4" T effector cells
(Figure 2a). In addition, IL-2 production of BALB/c T effector cells
was significantly inhibited by donor B6 Mes-induced BALB/c Treg
cells in primary mixed lymphocyte reaction (MLR; P<0.001;
Figure 2c).

Recipient CD4" Treg cells induced by donor Mgs of mixed chimeras
are antigen specific

The antigen specificity of CD4" Treg cells induced by donor Mes of
mixed chimeras was determined in vitro. As shown in Supplementary
Figure 2, induced recipient BALB/c CD4* Treg cells by donor Mes
from B6-to-BALB/c mixed chimeras significantly inhibited the pro-
liferation of BALB/c CD4* T effector cells induced by donor B6
antigens, but not by the third party C3H antigens (Supplementary
Figure 2). These results demonstrate that recipient CD4" Treg cells
induced by donor Mgs of mixed chimeras have donor antigen
specificity.

Recipient CD4" Treg cells induced by donor splenic

Mos of mixed chimeras express Foxp3

It is well known that Foxp3 is a specific transcription factor in
CD4*CD25" Treg cells in mice.'>'® Thus, the expression of Foxp3
in the induced CD4" Treg cells in the present model was analyzed by a
three-color FCM. After CD4* T cells from naive BALB/c mice were
cultured with donor B6 Mgs separated from B6-to-BALB/c mixed
chimeras, significantly more cells of recipient BALB/c CD4* T cells,
CD4*CD25" T cells and even CD47CD25~ T cells expressed high
levels of Foxp3 than those stimulated with naive B6 Megs, as deter-
mined by FCM (Figures 3A and B). It is noted that there is
significantly higher percentage of Foxp3™ cells in CD4*CD25" T-cell
fraction than those in CD4*CD25~ T-cell fraction after CD4* T cells
from naive BALB/c mice cultured with donor B6 splenic Mgs
separated from B6-to-BALB/c mixed chimeras (Figures 3B, b and c).
Furthermore, after culture with donor B6 splenic Mos from mixed
chimeras, CD4* T cells from naive BALB/c mice produced signifi-
cantly more numbers of CD4*Foxp3* T cells, CD4"CD25Foxp3*
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Figure 2 Recipient but not the third party CD4*+ Treg cells were induced by donor splenic Mgs of mixed chimeras in vitro. (@) CD4* T cells from naive
BALB/c mice showed immunosuppressive function after co-culture with donor B6 splenic Mgs separated from B6-to-BALB/c mixed chimeras in vitro. CD4* T
cells of naive B6, BALB/c or C3H mice were cultured with B6 splenic Mgs from control or mixed chimeras for 4-5 days, respectively. These pre-cultured
CD4+ T cells were then added to the secondary culture systems in which B6, BALB/c or C3H CD4* T cells were cultured with normal B6 Mgs stimulators.
(b) The inhibiting ability of naive BALB/c CD4* T cells pre-cultured with B6 splenic Mg@s of mixed chimeras is dose dependent. (c¢) The inhibition on IL-2
products of T effector cells by non-chimera BALB/c CD4* T cells pre-cultured with B6 splenic Mgs of mixed chimeras. ***P<0.001 between the indicated
groups. Seven mice in each group were performed. Data are one representative of three independent experiments. Results are shown as mean *s.d.

T cells and CD4"CD25 Foxp3* T cells than those stimulated
with naive B6 splenic Mgs (Figure 3C). These data indicate
that donor splenic Mgs from mixed chimeras could induce Foxp3*
Treg cells and that the induced recipient CD4*Foxp3* Treg cells
predominately presented in CD4*CD25" and some in CD4"CD25~
T-cell fractions.

Recipient CD4*Foxp3* Treg cells induced by donor splenic Mos
of mixed chimeras were derived from CD4*CD25 Foxp3~ T cells
To determine whether recipient CD4" Treg cells induced by donor
Mes from mixed chimeras are due to the differentiation of
CD4*CD25™ T cells or the expansion of CD4TCD25" Treg cells, we
studied the effects of donor Mes on recipient CD4*CD25~ T cells.
The sorted CD47CD25™ T cells of naive BALB/c mice did not express
Foxp3 and their purity was always >99% (Supplementary Figure 3a).
BALB/c CD4*CD25~ T cells expressed CD25, no matter whether they
were cultured with donor B6 Mgs separated from B6-to-BALB/c
mixed chimeras or from naive B6 mice (Supplementary Figures 3b
and c). The total cell numbers of CD4" T cells and CD4"CD25" T cells
after culturing CD4*CD25~ T cells with B6 Mgs from mixed chimeras
were significantly lower than those cultured with B6 Mgs from naive

B6 mice (Supplementary Figure 3d). However, remarkably higher
percentages and more cell numbers of CD4*Foxp3* T cells,
CD4*CD25*Foxp3™ T cells and CD4*CD25 Foxp3* T cells were
observed when BALB/c CD4*CD25™ T cells were cultured with B6
Mgs from B6-to-BALB/c mixed chimeras compared with BALB/c
CD4*CD25~ T cells cultured with B6 Mgs from non-chimeras
(Supplementary Figures 3c and d). To confirm the immunosuppres-
sion of the induced CD4"Foxp3* Treg cells, we observed their
inhibitory effects on the response of T effector cells to alloantigens.
BALB/c CD4*CD25" Treg cells induced by B6 Mas of mixed chimeras
showed similar inhibition effects on effector T cells as freshly isolated
BALB/c CD4*CD25% Treg cells (Supplementary Figure 3e). Thus,
donor Mgs in mixed chimeras have the ability to convert recipient
CD4*CD25 Foxp3™~ T cells into CD4*Foxp3* Treg cells.

To further confirm whether the isolated donor Mgs or some
contaminated DCs have the ability to induce Treg cells, and whether
the induced Treg cells are derived from CD4"Foxp3~ T effector cells,
we used highly purified H-2DY*F4/80*CD11c¢~ cells and CD4*Foxp3~
cells sorted by a sorter, instead of magnetic activated cell sorting
(MACS)-enriched Mgs and CD4tCD25 cells, to perform the similar
experiments. As shown in Figure 4, >99% of sorted B6 Mos cells were

Immunology and Cell Biology
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Figure 3 Donor Mgs-induced allogeneic recipient CD4* Treg cells express Foxp3. (A) After culture with B6 splenic Mgs from mixed chimeras or control mice,
the expression CD25 and Foxp3 on recipient BALB/c CD4* T cells was determined by three-color FCM. One representative of the expression of CD25 and
Foxp3 on CD4* T cells was shown as detected by three-color FCM. CD4* T cells from naive BALB/c mice were cultured with B6 splenic Mgs from non-
chimeras (a, ¢ and e) or from B6-to-BALB/c mixed chimeras (b, d and f). The dotted line represents the non-specific staining and the solid line is for Foxp3
staining. (B). The mean percentages of Foxp3* cells in CD4* T cells (a), CD4*CD25" T cells (b) or CD4*CD25~ T cells (c) after naive BALB/c CD4* T cells
were cultured with donor B6 splenic Mgs from mixed chimeric mice or naive B6 mice. (C) The total cell numbers of BALB/c CD4*Foxp3* T cells (a),
CD4*CD25*Foxp3* T cells (b) and CD4*CD25 Foxp3* T cells (c) after BALB/c CD4* T cells stimulated with B6 splenic Mgs from mixed chimeras or naive
B6 mice. ***P<0.001 between the indicated groups. One representative from five independent experiments with identical results is shown. Data are shown

as mean £s.d.

H-2DP*F4/80*CD11c~ (Figure 4a). These purified B6 H-2DP*F4/
80*CD11c™ Mps isolated from mixed chimera showed poor immu-
nogenicity to recipient T cells (P<0.001), while they induced strong
proliferation of the third party C3H T cells (Figure 4b). Consistently,
the purified B6 H-2DP*F4/80*CD11lc~ Mes isolated from mixed
chimera induced significantly more CD4*Foxp3GFP* T cells when
they were cultured with recipient CD4*Foxp3GFP~ T effector cells,
compared with control B6 Mes (P<0.001; Figures 4c—e). Further-
more, the induced CD4"Foxp3GFP" T cells significantly inhibited the
proliferation of naive CD4*Foxp3GFP~ T effector cells. Thus, these
data further support that donor F4/80*CD11c™ Megs in allogeneic
mixed chimera have the ability to induce the differentiation of
recipient CD4"Foxp3* T cells from CD4"Foxp3~ T effector cells.

Immunology and Cell Biology

The induction of recipient CD4" Treg cells by donor Mas mixed
chimeras is partially mediated by IL-10, but not by TGF-§

To determine whether cytokines produced by donor splenic Mes of
mixed chimeras is involved in the induction of CD4*Foxp3* Treg cells,
we assayed the cytokine profile of donor B6 Mgs from mixed chimeras
during culture with CD4* T cells from either naive recipient BALB/c
or the third party mice. As shown in Supplementary Figure 4, after
culture with BALB/c CD4" T cells, B6 Mgs from B6-to-BALB/c mixed
chimeras expressed significantly higher levels of IL-10 than those of B6
Mpgs from naive B6 mice as determined by intracellular staining FCM
(P<0.01, P<0.001, respectively; Supplementary Figures 4a and b),
whereas similar percentages of IL-10* or IFN-y* Mgs were observed in
B6 Mos separated either from mixed chimeras or from naive mice
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Figure 4 Donor F4/80*CD11c~ Mgs from mixed chimera have the ability to induce the differentiation of recipient CD4+Foxp3* T cells from CD4*Foxp3GFP~
T effector cells. The highly purified H-2DP*F4/80~CD11c~ cells and allogeneic CD4*Foxp3GFP~ cells were sorted and co-cultured as described in Materials
and methods. (a) The purity of the sorted H-2DP*F4/80*CD11c™ cells. (b) Decreased immunogenicity to recipient BALB/c CD4*Foxp3~ T effector cells of
purified B6 Mgs isolated from mixed chimera. (c) One representative of FoxpGFP expression in gated CD4* T cells after allogeneic CD4+Foxp3GFP~ T cells
were co-cultured with H-2DP*F4/80*CD11c~ Mgs isolated from control B6 or mixed chimera. (d) Mean percentages of CD4*Foxp3GFP* T cells in CD4* T
cells after CD4*Foxp3GFP~ T cells from naive BALB/c mice were co-cultured with H-2DP*F4/80*CD11c~ Mgs isolated from control B6 or mixed chimera.
(e) Cell number of CD4*Foxp3GFP* T cells after BALB/c CD4*Foxp3GFP~ T cells were co-cultured with H-2DP*F4/80*CD11c~ Mgs isolated from either
control B6 or mixed chimera. (f) The immunosuppressive ability of CD4*Foxp3GFP* T cells induced by H-2D°*F4/80*CD11c~ Mgs of mixed chimera.
CD4+Foxp3GFP~ T effector cells from naive BALB/c mice were cultured with allogeneic B6 stimulators in the presence of isolated naive CD4*Foxp3GFP*+ T
cells (nTreg) or induced CD4*Foxp3GFP* T cells (iTreg) by donor H-2DP*F4/80*CD11c~ Mgs. Data are shown as mean+s.d. ***P<0.001 between the
indicated groups.

when they were cultured with the third party C3H CD4* T cells or non-chimera controls were assayed by ELISA. As shown in
(Supplementary Figure 4b). Supplementary Figure 4c, significantly higher levels of TGF-f3 were

Furthermore, the levels of TGF-f in the culture system in detected when BALB/c T cells were cultured with B6 Mgs of mixed
which naive recipient BALB/c, donor B6 or the third party C3H chimeras compared with those cultured with B6 Mes from
CD4" T cells were cultured with B6 Mgs from either mixed chimeras non-chimera controls (P<0.01). However, similar levels of TGF-f

Immunology and Cell Biology



Tregs induced by macrophages in chimeras
G Liu et al

832

were observed when C3H CD4%" T cells were cultured with B6 Mgs,
regardless whether the later were from mixed chimeras or not.

Is IL-10 or/and TFG-P involved in the induction of recipient CD4*
Treg cells by donor Mgs of mixed chimeras? We next blocked IL-10
and/or TGF-f in the culture system by using anti-IL-10 or/and anti-
TGF-B mAb to investigate their roles in the induction of recipient Treg
cells by donor B6 Mgs. Anti-IL-10mAb, but not anti-TGF-f mAb or
control Ig, partially reversed the poor immunogenicity to recipient T
cells of B6 Mos from mixed chimeras (Figure 5a). Importantly, anti-
IL-10 significantly decreased the ability of donor B6 Mgs separated
from mixed chimeras to induce Treg cells as determined by the
immunosuppressive assay (P<0.001; Figure 5b). These data indicate
that the induction of recipient CD4*Foxp3™* Treg cells by donor Mas
in mixed chimeras may be partially medicated by IL-10.
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Figure 5 IL-10 but not TGF-B1 was involved in the induction of recipient
CD4*Foxp3* Treg cells by donor splenic Mgs of mixed chimeras.
(a) Blocking IL-10 but not TGF-B1 by mAb could partly reverse the poor
proliferation response of CD4* T cells from naive recipient BALB/c mice to
donor B6 splenic Mgs of B6-to-BALB/c mixed chimeras. (b) Neutralizing
IL-10 but not TGF-B1 by mAb could partly block the induction of Treg cells
by donor splenic Mgs of mixed chimeras. Anti-IL-10 and/or anti-TGF-B1
mAbs were added into the culture system in which naive recipient CD4* T
cells were cultured with donor splenic Mgs of mixed chimeras. The
immunosuppressive ability of the induced Treg cells was determined by the
3H-TdR incorporation assay. Data are shown as mean+s.d. **P<0.01
between the indicated groups. Data are representative of four independent
experiments.
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Recipient CD4"Foxp3* Treg cells induced from CD4*CD25™ T cells
by donor splenic Mgs of mixed chimeras in vivo

To access the ability of donor Mes of mixed chimeras to induce
recipient CD4* Treg cells in vivo, BALB/c CD4*CD25™ T cells with B6
Maos separated either from B6-to-BALB/c mixed chimeras or from B6
mice were adoptively transferred into severe combined immunodefi-
ciency disease (SCID) mice. By 3—4 days after implantation, BALB/c
CD4*CD25™ T cells expressed CD25, no matter whether they were
injected with donor B6 Mgs of mixed chimeras or non-chimeras
(Figures 6A and B). However, significantly high percentages and cell
numbers of CD4*Foxp3* T cells and CD4*CD25*Foxp3™ T cells were
observed when BALB/c CD4*CD25~ T cells were co-injected
with B6 Mes of mixed chimeras compared with those of mice with
BALB/c CD4*CD25~ T cells and B6 splenic M@s of naive mice
(Figures 6B and C). To confirm the immunosuppressive ability of
recipient CD4* Treg cells induced by donor Mes of mixed chimeras
in vivo, we observed their inhibition on the responses to alloantigens
of BALB/c T effector cells using delayed-type hypersensitivity assays.
BALB/c CD4*CD25" T cells induced by donor B6 Mgs of mixed
chimeras showed similar inhibition on immunized BALB/c
CD4*CD25~ T effector cells as freshly isolated CD4*CD25" T cells,
whereas BALB/c CD47CD25* T cells by B6 Mas of non-chimeras did
not show significant inhibition on BALB/c CD4*CD25~ T cells
(data not shown). These data collectively indicate that donor Mgs
of mixed chimeras have the ability to convert CD4*CD25 Foxp3~
T effector cells into functional CD4*Foxp3* Treg cells in vivo.

DISCUSSION

Immune tolerance to donor antigens can be achieved by mixed
chimeras in which T, B and NK cell tolerant states have been well
demonstrated.'®>!7 In the present studies, donor Mgs of mixed
allogeneic chimeras show poor immunogenicity to recipient T cells
whereas they have normal immunogenicity to the third party T cells,
indicating the specificity of the altered immunogenicity in donor Mes
in mixed chimeras. This specificity was further supported by the
different cytokine products of Mes during co-culture with recipient
T cells. Donor Mgs of mixed chimeras produced more IL-10 and less
IFN-y when they were cultured with recipient T cells. The differential
immune response of donor Mgs to recipient or to the third party
T cells may offer an important clue for the specific immune regulatory
function or tolerant state of Mgs in mixed chimeras. It is, to our
knowledge, the first report that Mes displayed specific tolerance in
mixed chimeras.

The mechanisms for the so-called ‘specific tolerance’ of donor Mas
in a myeloablative mixed chimeric model are not clear at this moment.
The possibility that this observation may be due to the contamination
of DCs is unlikely as the highly purified donor F4/80*CD11~ cells
(>99%) sorted from mixed chimeras showed similar results as those
MACS-separated cells. The following possibilities may be involved:
(1) Phenotype and functional adaptations and balance of different
subsets of Megs. Functional plasticity of macrophages in distinct
microenvironments has been reported in different models.>!®1° In
the present study, donor Mgs express significantly less MHC II, CD86
and CD40 molecules and produce less IFN-y and more IL-10 when
co-cultured with recipient T cells compared with those of naive mice,
supporting the tolerogenic Mos phenotype alteration. (2) Educating
the antigen-recognizing activation/inhibition receptors on Megs. A
system of pattern recognition receptors has key role in antigen
recognition of Mes in infections and transplant.?®-22 We hypothesized
that the balance of these receptors may control the activation states of
Maegs. Mgs in the chimeras lacking CD47 on non-hematopoietic cells
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Figure 6 Induction of recipient CD4*Foxp3* Treg cells from CD4*CD25~ T cells by donor splenic Mgs of mixed chimeras in vivo. (A) Some BALB/c
CD4+CD25 Foxp3~ T cells were converted into CD4*CD25*Foxp3* T cells when CD4*CD25~ T cells from naive BALB/c mice were co-injected into
syngeneic SCID mice with B6 splenic Mgs of B6-to-BALB/c mixed chimeras but not with B6 splenic Mgs of naive mice. One representative for the
expression of CD25 on CD4* T cells (a), the expression of Foxp3 in CD4*CD25* T cells (b) and the expression of Foxp3 in CD4*CD25~ T cells (c) after
adoptively transfer of BALB/c CD4*CD25~ T cells with B6 splenic Mgs of mixed chimeras and naive mice were shown. (B) The mean percentages of CD25*
cells in CD4* T cells (a), Foxp3* cells in CD4*CD25* T cells (b) and Foxp3* cells in CD4*CD25~ T cells (c) after co-injection of CD4*CD25~ T cells and B6
splenic Mgs of mixed chimeras and naive mice were summarized. (C) The total cell numbers of CD4*Foxp3™* T cells (a), CD4*CD25*Foxp3* T cells (b) and
CD4+CD25 Foxp3* T cells (c) after co-injection of CD25-CD4* T cells from naive BALB/c mice and B6 splenic Mgs of mixed chimeras and naive mice were
summarized. ***P<0.001 between the indicated groups. Six mice in each group were done. Data are representative of three independent experiments. Data

are shown as mean *s.d.

are tolerant to CD47(null) cells, indicating the potential importance of
non-hematopoietic cells in the regulation of macrophage function.?!
(3) DCs can acquire intact allogeneic MHC molecules and promote
T-cell response.?>~2> Whether it is the case for Mos-mediated immune
unresponsiveness in mixed chimera needs to be determined.
Furthermore, donor Mgs of mixed chimeras have the ability to
induce recipient CD4" Treg cells as indicated by the immunosuppres-
sion as well as the expression of Foxp3, a unique transcription factor
in CD4" Treg cells in mice.! ¢ Actually, the potential ability of Mas to
induce Treg cells has been reported in infection models.?”?® With the
heterogeneity and plasticity, Mes may modify the phenotype, function
and cytokine-secreting pattern of responding T cells in different
microenvironments.>*2?%3° Donor Mgs maturing in mixed allogeneic
surroundings may be adaptive to this situation. This speculation was
indirectly supported by the changes of donor Mgs in respect of their

phenotype and cytokine products. The in vivo effect of donor Mes in
mixed chimeras to induce CD4*Foxp3™ Treg cells from recipient
CD4*CD25~ T cells was studied in an SCID mouse model. Recipient
CD4*CD25™ T cells could be converted into functional CD4" Treg
cells when recipient CD4*CD25 Foxp3~ T cells and donor Mgs of
mixed chimeras were adoptively transferred into syngeneic SCID mice.
These data suggest that donor Mes of mixed chimeras have the ability
to induce recipient CD4*Foxp3* Treg cells in vivo.

Our further studies demonstrated that donor Mes of mixed
chimera could induce the development of Foxp3* Treg cells from
CD4*CD25 Foxp3~ T effector cells. Interestingly, anti-IL-10 mAb but
not anti-TGF-B1 mAb could partially but significantly block the
induction of Treg cells by donor Mgs from mixed chimeras, suggesting
that the conversion of CD4Foxp3* Treg cells from CD4*Foxp3~
T cells may be achieved partly through an IL-10-dependent pathway
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in this system. Although TGF-f was often related to the induction of
Treg cells in various models,>132 the IL-10-mediated induction of Treg
cells has also been reported®3* as we observed here. The poor
involvement of TGF-f in the differentiation of Treg cells induced by
donor Mgs of mixed chimera may be due to the weakly enhanced
TGF-B production in the present system.

It should be noted that the present study employed a myeloablative
mixed chimeric model. Our preliminary study showed that donor
Mgs of full donor chimeras displayed similarly decreased immuno-
genicity to recipient T cells and had ability to induce CD4*Foxp3*
Treg cells in vitro (Liu GW and Zhao Y, unpublished data), indicating
that non-hematopoietic cells may participate in the ‘education’ of
donor Mgs in a full donor chimeric model. Recently, some studies
were nicely performed, showing that different T-cell tolerance
mechanisms including clonal deletion and immunoregulation were
involved in tolerance induction by different non-myeloablative con-
ditioning regimens and even in the different stages of T-cell tolerance
induction/maintenance in one model.>>* Whether those alterations
of donor Mes will occur in clinically more relevant non-myeloablative
mixed chimeras need to be determined. On the other hand, whether
other innate immune cells such as DCs process similar alteration as
Mpgs in mixed chimeras requests to be addressed.

In summary, donor Mes of mixed chimeras showed significantly
decreased immunogenicity to recipient but not to the third party T
cells. Importantly, donor Mgs of mixed chimeras had ability to induce
recipient CD4" T cells to be CD4"Foxp3* Treg cells at least in part
via an IL-10-dependent pathway. Thus, we observed an uncovered
property or phoneme of Mgs that Mas own the specific tolerance
ability.

METHODS

Animals

Five-to-seven week-old C57BL/6 (B6), BALB/c, C3H/He] and SCID mice were
purchased from Beijing University Experimental Animal Center (Beijing,
China). All mice were maintained in a specific pathogen-free facility. All
experimental manipulations were undertaken in accordance with the Institu-
tional Guidelines for the Care and Use of Laboratory Animals.

Preparation of mixed allogeneic chimeras

B6-to-BALB/c mixed chimeras were prepared as previously described.>” Briefly,
BALB/c recipients received 8.0 Gy of total body irradiation and an i.v. injection
of a mixture of T cell-depleted bone marrow cells from donor B6 (10x 10° cells)
and recipient BALB/c (10x10° cells) on day 0. Animals receiving such
treatment showed about 50% of donor cells in all hematopoietic lineages for
long term in the peripheral blood and spleens as determined by FCM (Becton
Dickinson, San Jose, CA, USA).

Preparation of splenic Mos

Mouse splenic Mos were prepared as described previously.®® Briefly, mouse
splenocytes were adjusted to 5x10° cellsml~! in RPMI 1640 medium (Gibco
BRL, Grand Island, NY, USA) and cultured in 2% gelatin (Sigma) pre-treated
6-well plates (Costar, Cambridge, MA, USA) for 3—4h at 37 °C and 5% CO,.
The non-adherent cells were removed by washing with warm RPMI 1640
medium. The adherent cells were harvested with 5mwm EDTA (Sigma) in ice-
cold phosphate-buffered saline (pH 7.2) and adjusted to 1x10° cellsml~!.
Donor B6 Mgs of mixed chimeras were separated by using negative selecting
MACS with biotinylated anti-mouse H-2D4 mAb (34-2-12) and BD IMag
Streptavidin Particles-DM (BD Biosciences, San Diego, CA, USA). In some
case, splenocytes harvested from either control B6 or mixed chimeric mice were
incubated with anti-H-2DP anti-F4/80 and anti-CD11c mAb at 4 °C for 30 min.
B6 Mos were sorted based on H-2DP*F4/80*CD11c™ phenotype using a
MoFlow (Beckman-Coulter, Fullerton, CA, USA). The purity of sorted B6
Mgs (H-2DP*F4/807CD11c™) was above 99% as determined by FCM.
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Immunofluorescence staining and FCM

The chimerism levels were determined as described previously.®> Cells were
stained with fluoresceine isothiocyanate (FITC)-labeled anti-CD3 mAD or anti-
F4/80 mAb (BMS8) versus phycoerythrin-labeled anti-H-2DP mAb (34-1-25).
Cells were analyzed using a FACScan (BD Biosciences, San Jose, CA, USA). To
determine the intracellular expression of Treg cell-specific transcription factor
Foxp3 in CD4"CD25" cells, mouse splenocytes were first surface stained with
Cy5-labeled anti-CD4 and FITC-labeled anti-CD25 mAbs as usual.® These cells
were subsequently stained with phycoerythrin-labeled anti-mouse Foxp3 mAb
(FJK-16s) or isotype control mAb, according to the manufacturer’s protocol
(eBiosciences, San Jose, CA, USA).

The IFN-y, IL-10 or IL-12 productions in Mgs of MLR were detected using
BD Cytofix/Cytoperm plus (with GolgiPlug) intracellular staining kits (BD
Biosciences, San Diego, CA, USA). CD4" T cells (2x10° cells per well) were
co-cultured with allogeneic or syngeneic Mos (1x10° cells per well) in
6-well plates for 48h. Cells were then pulsed with 1.0 ulml~! Brefeldin
A (BD GolgiPlug; BD Biosciences) for the last 8h of culture. The adherent
cells were collected. After incubation with anti-FcR mAb (2.4G2), these cells
were stained with FITC-conjugated anti-mouse F4/80 mAb (SK3), and then
fixed and permeabilized with 500 pl of BD Cytofix/Cytoperm solution and then
stained with 0.25 ug of anti-mouse IFN-y mAb (GIR-208), anti-mouse IL-10
mAb (JES5-16E3) and anti-mouse IL-12 mAb (C15.6), respectively, according
to the manufacturer’s instructions.

Primary allogeneic MLR

CDA4* T cells of naive BALB/c mice, except indicated in the Result section, were
purified by negative selection of mouse splenocytes using mouse CD4" T-cell
enrichment set-DM (BD Biosciences). MLR was performed and determined by
3H-TdR incorporation as described previously.>®

Detection of IL-2 and TGF-f1 levels in MLR by ELISA

CD4* T cells of naive recipient BALB/c or the third party C3H mice were
cultured with allogeneic or syngeneic Mos in 96-well plates for 3—4 days. The
levels of TGF-B1 and IL-2 in the supernatants were analyzed using ELISA kits
(eBioscience, San Diego, CA, USA).

Induction of Treg cells in vitro

Sorted 1.5x10° CD4* T cells or CD4*CD25~ T cells of naive BALB/c or C3H
mice as responder cells were cultured with 1.5x10° donor B6 Mes separated
from either B6 or mixed B6-to-BALB/c chimeric mice in a total volume of 2 ml
of RPMI 1640 medium containing 10% (vol/vol) mouse serum in 6-well tissue
culture plates for 4-5 days. For induction of Treg cells from
CD4*CD45RBMS"GFP~ T cells isolated from Foxp3GFP-knockin mice
(BALB/c background) by Mes, 1.0x10° sorted CD4*CD45RB"&"Foxp3GFP~
T cells were cultured with 1.0x10° sorted B6 F4/80*CD11c™ Mas of either
control B6 or B6-to-BALB/c mixed chimeric mice for 4-5 days. The percentage
of Foxp3gfp™ cells in CD4" cells was detected by FCM.

Immunosuppression assay of Treg cells

Enriched CD4*CD25" T cells were achieved using a CD4*CD25" Treg Cells
Isolation Kit with MidiMACS Separator according to the manufacturer’s
protocols (Miltenyi, Bergisch Gladbach, Germany) or sorted by a FACSAria
flow cytometer (BD, San Jose, CA, USA).*%4! The immunosuppressive ability
on the proliferation of T effector cells of separated CD47CD25% T cells and
induced Treg cells was done as described previously.*> In some experiments, the
induced CD4*Foxp3GFP* T cells were sorted and Treg suppressive function
assay was performed as described above.

Induction of recipient Treg cells by donor Mes of mixed chimeras
in vivo

CD4*CD25™ T-cell population of naive BALB/c mice was sorted by a FACSAria
flow cytometer (BD, San Jose, CA, USA). In all, 6 x 10° B6 Mos separated from
either control or mixed chimeric mice with 6x10° BALB/c CD4TCD25~ T cells
were injected into SCID mice through tail vein, respectively. By 3—4 days after
injection, the phenotype and immunosuppressive ability of CD4*CD25* T cells
were assessed, as reported previously.40



Statistical analysis
All data are presented as the mean *s.d. Statistical analyses were performed
using the Student’s unpaired t-test. A P-value <0.05 was considered to be
statistically significant.
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